GATE ELECTRODE FOR A SEM CONDUCTOR FI'N DEVI CE FI ELD OF THE | NVENTI ON [ 0001]
The present invention relates, nost generally, to sem conductor devices
and nmethods for form ng the sane. Mrre particularly, the present invention
relates to 5 nultiple gate transistor devices and is directed to nethods
for formng gate electrodes in such devices. BACKGROUND OF THE | NVENTI ON
[ 0002] The dom nant' sem conductor technol ogy used for the manufacture of
ultra-large scale integrated (ULSI) circuits is the

met al - oxi de- seni conductor field effect 10 transistor (MOSFET) t echnol ogy.
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junctiong,. rﬁg dggys to suppress short-channel effects. For device scaling
wel | into the sub-50 20 manoneter regi me, however, the requirements for
body- dopi ng concentration, gate oxide thickness and source/drain (SID)

doping p ' : ' ingly difficult. to neet with

conventi @ﬁ‘%ﬁ%ﬁ@@ @f&ﬁgﬁ[}l@—@gged on bul k silicon substrates.
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alternative device structures are needed to sustain the historical pace of
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over the past decades. As the gate length of the conventional MOSFET is reduced, the
source and drain areas increasingly interact with the channel and mﬂuence_the_channel
potential. Consequenth,'/, transistors with short gate lengths suffer from problems related
15 to the inability of the gate electrode fo substantially control the "on" and "off" states of

the channel. Phenomena such as reduced gate control associated with transistors with
short channel lengths are termed short-channel effects. Increased body doping
concentration, reduced gate oxide thickness, and ultra-shallow source-drain junctions
are ways to suppress short-channe! effects. Fof device scaling well into the sulq-50

20 * nanometer regime, however, the requirements for body-doping -concentraﬁon, gate
oxide thickness and source/drain (S/D) do;ﬁing profiles has become increasingly difficult.

‘to mest with conventional devic_:é structures based on bulk silicon substrates. |
Innovations in front-end process technologies with the ihtroduction of alternative device
structures are needed fo sustain the historical pace of device scaling.

25 [0003] - As technology continues into the sub-30 nanometer regime, the promising
approach for controlling short-channel effects is to use an alternative transistor structure

~with more than one gaté, ie., multiple gate transistors. An exemplary multiple gate

transistor is shown in the plan view of FIG. 1 which represents the prior art, The
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.multiple gate transistor of FIG | includes a sem conductor fin 2 forned
over insulator 4 which is forned over a substrate. Gate el ectrode 8
straddl es sem conductor fin 2 and a gate dielectric (not shown) is

di sposed between sem conductor fin 2 and gate electrode 8. The transistor
active areas (source drai n and channel') are fornmed in the 5 sem conduct or
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triple- smicture. Semiconductor fin 2 includes fin height 18 and fin width 6. There are fwo
‘ gates, one on each sidewall 12 of semiconductor fin 2, along which gate dielectric 14
20 extends. U.S. Pétent No. 6,413,802 B2 provides that the semiconductor fin that forms
the transistor channel, is a thin silicon fin defined using an efching mask and formed on
an insulating layer such as insulator 4, which is a silicon oxide Iéyer formed over silicon
substrate 10. A gate oxidation process is performed prior to the rémoval of etching
mask 16 -and the oxidation process is followed by gate material deposition " and
25  patterning that forms gate eleét_rode 8 which fraverses (i.e. straddlés) semiconductor fin
2 to form a double- gate structure overlying the top (etching mask 16) and sidewalls 12
of semiconductor fin 2. Both the source-to-drain direction and the gate-to-gate direction
are along the plane of the substrate surface.
[0005] Another example of a multiple-gate transistor known in the art is a triple-

30 gate transistor, an exemplary one of which is iliustrated in FIG. 2B. The plan view of.



30 gate transistor, an exenplary one of which is illustrated in FIG 2B.
The plan view of. 2 such an exenplary triple-gate transistor is as
illustrated in FIG 1. The triple-gate transistor has a gate el ectrode
that forns three gates: one over top surface 20 of sem conductor fin 2,
and the other two along fin sidewalls 12 as in the doubl e-gate structure
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short-channel peformance. 20 [0007) The described multiple-g transi stor
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of the multiple- gate. transistor is a function of the fin height. In a
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semiconductor fin 2 helps fo shield the channel from electric field lines from the drain
and improves gate-to-channel controllability, thus alleviating the drain-induced barrier
lowering effect and improving short-channel performance.

20 —[OOOT] The described multiple-gate transistor structureé, i.e., the double-gate -
transistor, the triple-gate fransistor-and the omega-FET, have a common feature in that -
the sidewall surfa_bes of the semiconductor fins are used for a significant amount of
source-to-drain current conduction. Essentially, the eﬂfective gaté width of the multiple-
gate transistor is a function of the fin heighf. In a double-gate transistor, the gate width

'25 is twice the ﬁh height and in a triple-gate transistor, the gate width is twice the-fin height
plus the fin width. (Fin height 18 and fin width 6 are shown in FIGS. 2A and 2B.) As
such, as fin height increases, the amount of current deliverable by the device similarly
increases. To deliver maximum current, then, it is desirable to maximize fin height. A

tradeoff exits, however, because as fin height increases, it becomes increasingly difficult



I ncreases. To deliver maxi mumcurrent, then, it is desirable to nmaxim ze
fin height. A tradeoff exits, however, because as fin height increases, it
beconmes increasingly difficult 3 to formthe gate el ectrode by patterning
the gate material that is forned over the fin. This undesirable aspect is
al so common to all of the aforenentioned gate tran5| stors. [00081 Each of
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has a nosubsgtaatialy dopiforfial baieealemtrfddeanaeﬂaild\fecﬂmtswrﬁleqmcamdrtﬂntf@[mmmathe
sem conduct or. fin. This is shown in FIG 3A Surface 34 of gate el ectrode
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produces a planar top surface -4 It can therefore be seen that the
t hi ck@mesQFQﬂemheﬁ\STde;kOmEdeiheaﬂubs@ﬂtléb/ gardong gatecelechndskmetasial has andnesser
t hi ckness, 42 -over .ste I, uen b em conduct or varyin
thi cknes DRSS Siridie DIt 0T PRl Sp-rei JoTpiaRe s Seisopdudter om0
l'i t hogr aphin Wﬁﬁ?G‘l@AZOSEﬁace”Q@ bof %i&é?e@im@@ makiel Rist @ééﬂ}“ﬁdﬂ bRn&oRsd der ed
opaque region 48 Wwthin transparént region 50 of the exerrp ary
| i t hogr apitereformptesebts Aftemieg peplasns.48 has a constant w dt h The thinner
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pat ter neﬁiﬁere ore be seen ?hatsfhe ?f\lllglgneséts %Pthe mas? material varies from greater thickness
44 fo iesser thickness 42 over step 52 influenced by semiconductor fin 2. This varying
~ thickness makes it difficult to accurately transfer the pattern on the lithographic mask 46
20 to mask material 38. The pattemn may be considered opague region 48 within
| transparent reglon 50 of the exemplary lithographic mask 46. Opaque region 48 has a
constant width.  The thinner portions 42 of mask material 38 over step 52 are thmner
than other portions 44 of mask material 38 and are effectively exposed to a greater
extent than other portions of the mask material.  After exposure and develop, the
25 -patterned mask material 54 may be formed with different widths as shown in FIG. 3C.
FIG. 3C shows that narrow portion 56 of patterned mask material 54 over step 52, s
substantially narrower than other porfions of pattern mask material 54. * When
unmasked portions 58 of gate electrode material 8 are subsequently etched fo expose
insulator 4 such as shown in FIG. 3D, the etched gate electrode 62 is formed with a

30  non-uniform gate length, i.e., narfow portion 64 is narrower than other portions .of..



substantially narrower than other portions of pattern mask material 54.
When unnasked portions 58 of gate electrode material 8 are subsequently
etched to expose insulator 4 such as shown in FIG 3D, the etched gate

electrode 62 is formed with a 30 non-uniform gate length, i.e., narrow
portion 64 is narrower than other portions of. etched gate electrode 62.
This is also shown in the plan view of FIG 3E which |§ ed gate
el ect r oglished ga‘t@\me@mﬁiar@?ovﬂp o ist alem SBawin Hevplan ¥ieys0k e!g:t \g%eWB Vﬁ%tt e

AR A N Y R Rl “%%9%“9( A

havi ng dithea@fbev§sdr fak witth to70is F8atehdivam i n
Fl GS. S%QQ &@Eot%p@&ggﬁggm gggfh quet \!Neen wi dth 65 and w dt hgﬁ67 The

non- uni fgenieagtt Binevert tmugratﬁcbrmadrtrmmcmma;satfeatm@t& ) haiing eensiant aidth.

d bl d t t |l t t
ki STbp ta;c“wmtttttzet@s@tmgttto%@wz (BT SE B Ry bR ™ ©
t echnol
el oct r of el St A tnpt*ﬂeenéﬁtﬂt&rﬁ‘o%tfﬁf%@%@t‘%'t%‘nf'ﬁé‘ B e

source aphr@lofiid uﬁ@@u@ﬁ@ andnepeRESRtdrenstoricomirs ot conventidre! ngdh;de@aé@t rode
I s.substantially planar, as are the source and drain regions. In a

mul ti-pl ’efavgmtermcbrntﬂct@,t or or sem conductor fin device, however, both the

gate el nd, t he source apgd diain e

di mensi g)‘ri’atb]ost r u?t“ﬁ‘t hﬁg@gﬂ%oﬁg tcr?gk’%ttﬂ?%)ef%ﬁgglﬁﬁy§'§§8q%tf@1rﬁe% rlgde

mat ¢ i a'tﬁteh?réﬁ?sléjtbrfsf R ?rPd‘t tH‘?f}jE@Q d|8&ttHdee e nssallybabped Siﬁ)aﬂteabdaMefipd)cess
concentrati on-w se e desirable to introduce dopant inmpurities in
t he souop@hﬁmmusect Egdqma toecsoues gad draih segiensle Imgoevardipnantrangistersibe
processi ng operations

U. S.- Pat 6;:413, 8 1
and U. SUaiPapleaioqdo is §”b§§&' ﬁb Haiasg aﬁ/ﬁqtrggfhea@lgpé a%ﬁgﬁt ?ﬁb&%ﬁporat gd by
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manuf ac ate ransistors. Neither of these references teach
t he pl apad tt@édum &rfd tiﬂaet reglons eteeeﬂamﬂallyfﬁtw dimtensidnat strtmtpm‘-t dbeashiégr aphi ¢
patterning of the gate el ectrode, howev | ssued
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several ”!
' the source/drain region and the gate e}ectrode material in different processing

operations.
.[OO'H] U.8. Patent No. 6,413,802 B1 (Hu etal.) and U.S. Patent No. 6,432,829 to
20 Muller et al, hereby incorporated by reference as If set forth in its entlrety provide
- processes for manufacturing multiple-gate transistors. Neither of these references
teach the planarization of the gate electrode material prior to photolithographic
patterning of the gate electrode, however, U.S. Patent No. 6,482,212 issued to leong et
éi.; hereby incorporated by reference as if set forth in its entirety, provides a method fgr
- 25 forming a doub]e—gate transistor using several planarization steps to form the gate
efectrode of a multiple-gate fransistor. The multiple planarization steps required by this
reference, however, increase manufacturing costs.  Additionally, U.S. Patent No.
6,492,212 faits to provide methods for optimizing the doping of the gate electrode and

the source/drain regions of the multiple-gate transistors.



el ectrode of a nmultiple-gate transistor. The nultiple planarization steps
required by this reference, however, increase manufacturing costs.
Additionally, U S. Patent No. 6,492,212 fails to provide nethods for
optim zing the doping of the gate electrode and the source/drain .regions
of the multiple-gate transistors. 5 [0012] The present invention is
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pur poses, t resent 5 1nvention provides a nethod for formng a gate
el ectrode for a nultiple gate transistor- in a sem conductor device. The

met hod i i, GH tructure conprising a semconductor fin
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[0014] I n one enbodi nent, the nethod includes introducing the dq%i)ant
i mpur i t i ssmicendueton éialdndgfopmingr a taate kletiiote imajetial oves phe gatedielestnia ABd gat e
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the géte electrode material prior to introducing and annealing the dopant impurities.
[0015] According to either of the exemplary embodiments, a method is provided - |
that produces a doped, planar gate electrode material formed over a semiconductor fin.
The planarized doped gate electrode material is advantageous[y formed such that
20  subsequent pattermning methods can be used to produce a gate electrode of constant
‘width that straddies the semiconductor fin, thereby providing a mulfiple gate transistor
‘with a uniform gate length. After the gate electrode is formed, source and drain regions

may be formed in the semiconductor fin and are doped independently of the gate

electrode.

25 BRIEF DESCRIPTION OF THE DRAWING
[0016] This invention is based understood from the following detailed description

when read in conjunction with the accompanying drawing. It is emphasized that,

according to common practice, the various features of the drawing are not necessarily



25 BRI EF DESCRI PTI ON OF THE DRAW NG [ 0016] This invention is based
understood fromthe follow ng detailed description when read in
conjunction with the acconpanying drawing. It is enphasized that,
according to comon practice, the various features of the drawi ng are not
necessarily 6 to scale. On the contrary, the dinensions, of the various
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3A-3D artﬁar{s@cﬁ%‘r‘éh 'a%ﬁﬂteﬁe%@frghglst@r WEms and FIG 3E is a plan view
showi ng a process sequence used to forma’patterned gate el ectrode over a
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to form ate e a(:co |ng the first exenplary method

of tie i[oyeg)tion a@samvm@eb tHre&dEerbiorz20R3Rehid Gows GhdERGABE is a plan
t hree-di nensi onal isonetric views show nfg the second part of the se%uence
P

of procedew rfovingr atAreerss LsasYenee febmta %t%@ﬁﬁ@”@ét@ﬁt@@%w ovel
according t.o t rst_ e f the invention as provided in
FIG 4. FEN ﬁ%@éﬁ%ﬁ@l‘@@o%%@@ﬂ fne to illustrate the first

sequenc ogicgproceﬁﬁa rwts.oaerrowdh@ﬁsS tA Semplaneinahighoedogidrmind ect rode
accor di the .first exenp é{ method of the i nvention; [0023] FIG 7

is a fl qmﬁl&a‘rad @WNBQEOMMW e druepition;met hod f or form ng a

15 [0021] FIGS, 5A-5G are cross-sectional views showing the first part of the
sequence of processing operations used to form a pattered gate electrode according to
the first exemplary method of the invention as provided in FIG. 4; |
[0022] FIGS. BA-6F are three-dimensional isometric views shdwing the second
part of the sequence of processing operations used to form a patterned ga\".e e!ectfode |

20 according to the first exemplary method of the invention as provided in FIG. 4. FIGS.
5A-5G and FIGS. BA-6F combine fo illustrate the first sequence of processing
operations used to form the Ipatte_rned gate electrode according to the,ﬁrst" exemplary
method of the invention; ' | |
[0023] FIG. 7 is a flowchart showing an exemplary second method for fbrming a

25 patterned gate eiectrode according fo the invention; and o
[0024] FIGS. BA-8G are crdss—sectional views showing the first part of the
sequénce of processing operations used to form a pattered gate electrode according fo
the second exemplary method of the invention as provided in FIG. 7. FIGS. 8A-8G and

* FIGS. 8A-6F, in combination, illustrate the sequence of processing operations used to



25 patterned gate el ectrode according to the invention; and [0024] FIGS.
8A-8G are cross-sectional views showing the first part of the sequence of
processi ng operations used to forma pattered gate el ectrode according to
t he second exenpl ary nethod of the invention as provided in FIG 7.
FIGS..8A-BG and FIGS. 6A-6F, in conbination, illustrate the sequence of
pr ocessi e | f \ £ gt _ | al
Bccor di N To % paee8 ARE e piptie, el RRCLERRER, 454 SoBufy RN &9 7.

DETAI LEDInRESKSR & pfoMided iT B INVENTI ON [ 0025] The present invention provides
met hods for formng a patterned gate 5 el ectrode over a sem conductor fin
that provides the active area .in nmultiple-gate transistors. The nethods

of the ppesamteh @@@Rm@g@@pg@m@g\mgg doubl e-gate transistors,

|
triple-gate transistors and onega-FET' s, each of which has been previously
descri bef025her ef orfe, prasicht inveatiore phodde o mathedspfossformingne epatieoted gatg , the
process - nces outlined in the flagwcharts and 7,.w | be

f FILGS. 4
showr | o8t 5 SR A FemiGRIASton it thalsprovides of%anaféwenﬁﬁear-w liieogt o
Lranst st Ghnsibibre O MBI SHBOGeL A invehifort el Rnfigdiite L hANSIE Bbtd S
exenpl ary onl'y and the nethods o he present 1 nvention nay be equally

used to fronsizipa, tiplogaicidmsisgbrcindautrsyoFET sfoath af-whitie has dash pravicisly
onmega- FETs and other nulti ﬁ'l e gate transjstors. r&0,026’%, FIG 4. is a
f | onchar@e$qribgds r Beerafpre, whilesthecrathsidargl et prEaeTdrinyaton; fentieopocess

'"FIG 4 - ' h F NG Yo ERSw de -
mat eri al g%g’gicgggjwwgagﬁ%ggfﬂg%h%@l8?5‘(%%pfgaag@p{ie Ig?j;e %@%ﬁaggﬁﬁkpgneof
t he gat efig@lres Wibdespadtas izal exefiodary RiiiS.gatehtraisision icstesitt beantdemnjocdntiabA- 6F
(in three-di mensional isonetric views) conbine to illustrate the sequence

of proce®ei Higleogaiedransigorsiiontemmat @ly and[beImgthabiot e PRFelb NEPEIoBA,
P Con e e, LY A%k B PR e BB A B e
sem condugbgs-FETG rRSothél ialible qiffe Bhhd¥tofem conductor such as silicon-
germani um of a conpound sem conductor such as gallium arsenide or indium
phosphi d8026} her UGt dis e fawehadrltustating adireiraxemylamynaieod skthe iRvativgar
errbol%i neﬁtesdr shows that, among other things, the doping of the gate electrode material 409
and the annealing 411 take place before the planarizaﬁon of the gate electrode material
'413. FIGS. 5A-5G (in cross-section) and 6A-6F (in three-dimensional isometric views)
combine fo illustrate the sequence of processing operations shown in FIG. 4. | _
[0027] Now turning fo FiG. 5A, semiconductor layer 102 is formed over insulating
20 layer 104 which is formed over substrate 106. Semiconductor iayer-:'i'QZ_may'be an
elemental semiconductor such as -silicon, an alloy semiconductor such as silicon-
germanium or a compound semiconducior such as gallium arsenide or indium
phosphide. Other suitable semiconductor materials may'be uéed in other embodiments';‘
Semiconductor layer 102 will be formed inte a semiconductor fin which will provide the
' 25 active areas, le., source/drain and channel, -of the multiple-gate transistor,
Semiconductor layer 102 may include a thickness within the range of 200 to 5000
angstroms but other ;chicknesses may be used in other exem;:{lary embadiments.
Insulating layer 104 may be formed of any suitaple dielectric or insulator, and may

advantageously be formed of silicon oxide or silicon nitride in exemplary embodiments,



Sem conductor |ayer 102 will be formed into a sem conductor fin which will -~
provide the 25 active areas, i.e., source/drain and channel, - of the

mul tipl e-gate transistor. Sem conductor |ayer 102 may include a thickness
wi thin the range of 200 to 5000 angstronms but other thicknesses may be
used in other exenplary enbodinments. |Insulating |ayer 104 may be forned of

SiT) con | BRUEL VST 1D RANEVS de ik Bs ORI %ﬁ%ﬁéﬁﬂhﬁﬁ%ﬁ%ﬁsﬁ&%ﬁbﬁﬁg .
n _ _ | ,
ayer L0hommBLE: Buldh! GIRESIALbliohd 3098 R oRED ABABI P EmbSHZRAR,

angstromns, ut e nesses nwa e used in other

enbodi mERISirateSIO8SE paliftadi@Gubsirate sHed abthe serfisndatier kegdfaourirteindustry,
sem conduct or manufacturing industry, such as a silicon wafer. 5 [0028]

Tur ni ng alehBe @ silEBN Wesen conduct or fins 108 are fornmed by patterning
' | 102 | FIG BA, T t ' b \
sccompi L0 by Flomhent” Btoato AP aaaditinm s R Fie o1 heth BuPaliectBResi st

or sili Foba] ' | rsha ' i nin
e s o 1B O 3 B e gl B ARG IBREd B ne
met hods folrming re somenomér used plaskainateyiab&udiO asephatoredist toor silidonsofids8 oweyr be

si mul taneoysly forned over an insuylator such a I nsul ating | ayer, 104.
Serm condeRIGIIHPRE aYss W2 dhen formahe 2o petiasn ‘ﬂhi’epméﬁ% raateriple aﬁﬁg%tcéwg t he

drawi n ' ' ol il | 114,410 |

o1 dever 1<8 AT ECH el 108 b, Sofionibat ikRber df, kB HeoBE Pl B
angsir orgnticindubiol fingdyem ebssishubgndousiyheorred evst af inbelatoangech @sg. 500
angstrons, in an exenpl ary 15 enbodi nent. The exenpl ary enbodi nent shown in

FI G 5Binglaibpilatesd 04f Semicansootar fing 108 meend ¥k ansobt ofdhe planespidhadage

e ot (R BRI R U RS Ol 38 Buck TR b8t
subsequen, f Eedig 014 they Gt Qiiretec trahGe W 2005808 havstiomd et =il 1 n

an exenpl ary trlF%-gate transistor, current will travel” along top surface
116 and asvaidageduslylhe® irattenigw @t ohéhedianget &gn 500tanggtoss, iroanexepipaly of

he i || ' FI G 5B. 029 dj el i.c | 01 h
for i SHSERIGEnd08 CoP PR SOBOATISRER YOhi 1O FErS SIS T2 T2 0oUAR op
surface il §:88 mhdtefidl Cin %ﬁo’chg’?%ﬁerﬂbﬁhﬁéh{)b&in{]@%@ such as used for a double-gate

transistor, an inorganic masking material may remain over top surface 116 during the

subseguent formation of the gate dielectric which is shown in FIG. 5C. In an ekemplary
triple-gate fransistor, current will travel along fop surface 116 and sidewalls 110 élong

| 20 the direction orthogonal to the plane of the illustration of FIG. 5B. .
[OO2Qj Gate dielectric layer 120 ié then formed on semiconductor fin 108,
including on fin sidewalls 110 and top surface 116 as in FIG. 5C. Gate dielectric 120

rﬁay be formed using thermal oxidation, chemical vapor deposition, sputtering or
suitable techniques. In ohe exemplary embodirﬁent, gate dielectric 120 may include a

25  thickness that is substantially uniform. In an exemplary embodiment, the gate dielectric
120 may include a thickness of less than 10 angstroms and in other exemplary
embodiments, gate dielectric 120 may include a thickness within the range of 3
angstroms to 100 angstroms. In another exemplary embodimént, gate dielectric 120 on

to‘p surface 116 of semiconductor fin 108 may have a different thickness than that of

30 gate dielectric 120 formed on sidewalls 110 of semiconductor fin 108. The presence



may be formed using thermal. oxidation, chem cal vapor deposition,
sputtering or suitable techniques.. In one exenplary enbodi nent, gate
dielectric 120 may include a 25 thickness that is substantially uniform In
an exenpl ary enbodi nent, the gate dielectric 120 may include a thickness
of less than 10 angstrons and in other exenplary enbodinents, gate

S!S A TP el AR AR s seanasgeors (o

100 angé‘f~| Xxenplary e gate electric 120 on top

sur f ace ghibdRfeckRM 200 NAusHeosxehark @intmalmbiaty theathitkhés efngate Miatdotiés 2@ han
that of "30 gate dielectric 120 forrred on sidewall s ljfg(\e?éq)]sem cc%nduc or fin

108 The opriep endace! Hhoagbedass tENZ0ANSTPMSe Kerle dieRg EYRe PR end

the_met hod .used to f gate di ]
ohbodi nehencpRaioRs e BRngERS ol HEE Melberdy hatorS S8t BAEKm
| esS5t N30 L 295 B AiTRum i, diel ,iemﬁﬂ_iiumdéﬁ@e,rwmz,uefﬁmnmmtmeston\b an

di oxT de, "sif oxynitride, or R ielectric materials such a%z '
| ant hal wfrcsniomi deide 203, batl otrien svitehliedgatead EiEstrich a1atetiale SUcheas TRk

haf ni um oxyni trjde, Hf ON,  or, I rconi ym oxi VAS ot-hek ' | e
gate di én%%/@trf%hwe ai%ﬁr@'fg‘df:ywzfagieﬂ%ﬁl%? 5 &?Olé?"’&g???%es Qﬁ%‘iﬁ ﬁr?gfge?érbpnﬁ?t ivity
of grea t | free space nay be used in other exenplar
enbgdi n@ﬁieget}gﬁ@%g?@fjé%r%D shovvspgate e%/ectroqe mat erial- 124 f(r)nrorredy
ovler thg_;]@sltol]yctur {_eflq;lm,cdﬁm( lgﬂeﬁl&trcﬁé, n(?:;iel@leﬂfé«c“lfolfmé @tﬁfethﬁaﬁiffufﬁﬂerrey be
ol ycrystall'ine silicon ol ysilicon), stalline,sili ni um
E)lpo%i/?-éisﬁéwnoiﬂ .(Etiflﬁer5cbon§i?2% i‘%j@CtB?fde ﬁw@pég‘gﬂ“% %t?fcé}'sﬁm%a%?{ciﬁ i
el ectro eria +ndo [ - gaprsiiedrand i
may be g@ﬁg@ho@éi’ L?Qﬁﬁé'sﬁé% gg#{}@a%égﬁla@feu&s tliy'(-)%?G(e gf/%)e (t)rf’ﬁ ot hergl't Suirt abl e
and fonggﬁﬁé?@@ﬁi]\;eeﬁmt P %@s Gaki gllenﬁsﬁm lﬂ%eﬁaly'l%damlgﬂy beosndsped ?ﬂohﬁhﬂg
angstrons but ot her i cknesses may al so be ed. In one _ex

engodi meloped EQede@oeit@bamd)ﬂén@ﬁhb%ﬂ?é@Sitﬁ@%é{%ﬁmBﬂdﬁ%agﬁB@%I @@ Havi ng
a thickness .of. about, 2000.an ; ThiG V] be
chosen & %'es'%t?@ﬁi qq%%%%%gtl%é’gééh@ﬁ{eﬁawtﬁl n %gi%%t% ?@iﬁar{ﬁ% @%%ﬁ%ﬁ%m.
Gat g5 el %ﬁbéﬁ&ﬁs@@%&ﬁé' thiRficédes BHPsignbealdey. clondrer sréthplade podbdistrind

therefore”inclu anar top surface 128 20 that udes

nqn-% ‘ Jcn(i<| 1(_.%Bakts 130
and val geyes elEsfrodeaaatsrialsteamayt e edoRak Polyelguthpyag a thickness of abou
| 2000 angstroms. Thickness 122 may advantageously be chosen to be significantly

“greater than fin height 114 in one embodiment.‘ Gate electrode material 124 is
substantially conformally deposited and therefore includes a non-pianar top surface 128
20 that includes peaks 130 and valleys 132. Peaks 130 are formed over respective
semiconductor fins 108. Non-planar top surface 128 therefore includes step height 134
which is generally about the same as fin height 114 shown in FIG. 5B. Using
conventional technology, such a step height 134 introduces significant problers in the
transfer of a predeﬁned pattern from a lithographic mask over peaks 130 and onfo the
25 gate electrode material. The patterning issue produced by step height 134, is
advantageously addressed in one aspect of the invention.
[0031] FIG. SE fllustrates the intfoduction of dopant impurities into gate electrode
rﬁaterial 124. In one exemplary embodiment, the dopant impurities may be introduced
using ion implantatioh, indicated by arrows 138. Plasma immersion ion implantation

30 .may also be used. The ion implantation introduces dopant impurities such that a peak
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sem conductor fins 108. Non-planar top surface 128 therefore includes step
hei ght 134 which is generally about the sane as fin height 114 shown in,
FIG 5B. Using conventional technol ogy, such a step height 134 introduces
significant problens in the transfer of a predefined pattern froma

| i t hographi c mask over peaks 130 and onto the 25 gate el ectrode nmaterial.

2ddr bes SRR GeSEioBS Baf anvias pePToealsf nar Fand BB REHPEZEY e
| ntr OdUCLtyo'cgi rPi40jBPt%@tqéﬁgR§hbédtr%ﬁoh B fnsiakied ShIRCis iRdeate et dashePiine | n one

exenpl ar odi nent, opant ITnpurities may be introduced using ion
i npl ant athien has mdbstatiedy e aamewsrofil@Sas Rbaglenar fopssiface 1188, |.eplmptati on 30

. I b d. The j i npl ant ati i nt d t i | ti h -
hat . eal 166 dopaMestoAE ONRERbn 185 1BEAEA 40 o PPHI SAEBRHIR B0l ow

o1 St dapeil P ISERosPon spRERHALHAY e ShoboiihenE HncanEERobal 368!
same pr gfl ﬁe%g@ﬁ@hﬁﬂ@f@éoﬁc@ﬁtréwﬁ &Cﬁj\fhﬁ&fgebuﬁ maximizadtat tepnteribédsi s

substantial 'y constant. "The |ocation 140 of peak concentration of . 5-
i npl ant dormerhisetiveer hateeziedtrodeonétarielt 128rand gate dirleeitio dduirirdaniederiipg

vsan goissriodtodeandiaral b deGuarnrd

i m 2 6RO HHEGRY HBBE CombrHBIse A ae QAT B1ET cEOREAE Akt SRR S124 and
xi m 2 LB CRIREN R UEL _ |

Conmr om o e B e o aeb L as a

t op fignt eychatrateletfle dietschixémbrd diffage deto sendepanttor fipuist | Eeistundesirpeiiet r at e |
gate dielectric 120 and diffuse, into semn gopd)y tor fin E1101%9 Thi[F? 5
undesi r aBliges thresholbwliage s5iisiand\incrades et & Shai-ehagnabeedtont a1 o6+
hort-ch =Y I j Rtk A,
Fho S BBIE S El oINSkl o et Ance phat voR R A

A, at tdhembRptddions fagepdidiBAb el iag top Nelegate 16B dwiweste thergrte ietdctiadéd t he
gate dielectric, is approximately the sane as the distance between 15 poi nt
B (al so roaiefidcand the gate)dislacripois rapppoximetalt & aamenes fhendistancgeh@ieehor ti on

ool AR Bk or o Ty GSENREEC BRRCR e busiodlat B e .
o0, e SRR 20 Pauce SRR NS MaRGPETS! B o siabribe | e
same, the dopants from point A and point B will diffuse and reach points A and B,
respectively, at approximately the same time during a suitable thermal annealing _
process. This hinifnizes the likelihood of any dopant impurity penetration. According fo
20 conventibnal or plasma immersion ion implantation techniques, a dose of 1X_1 0'%cm
may be used in an exemplary embodiment but other dosages may be used in other
exemplary émbodfments. In an exemplary embodiment, ion implantation energy may
range from 100 volts to 200 keV, but other implant energies may be used in other
gxemplary embodiments. Depending on the technology used, either P-type ddpaht
25  impurities or N-type dopant impﬁrities may be introduced. P-type dopant impurities may
* be boron or indium or a combination thereof and N-type dopant impurities may irjo!ude
' phosphorus, arsenic, antimony and combinations thereof. Other dopant imputities may
be used in other exemplary embodiments. |
[0032] FIG. 5F shows the structure after a suitable thermal annealing process

30  has taken place. Doped géte electrode material 154 advantageously includes dopant’
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process. This mnimzes the |ikelihood of any dopant inpurity penetration.

According to 20 conventional or, plasma inmersion ion inplantation

techni ques, a dose of 1 X 1015cm 2 nmay be used in an exenpl ary enbodi nment
but ot her dosages nay be used in other exenplary enbodinments. In an

exenpl ary enbodi ment, ion inplantation energy may range from 100 volts to
200 keV, but other inplant energies may be used in exenpl ar

. but ! S , ! ot hgﬂ Y
embodi eIt apBRentrEjiops atheoibechnandgh HeadBre ssubsiantialin e SaBant N

mpur ¢ 80k thal BRuRGGus: FRHE s i e SbclE ARYRES acprohaionalt
dopant i g@ueiddpRst @N&énﬁ‘ﬁhb‘rﬁjgt aPheRPRS KA, fofrh SstBifacesanit thenyatentlelectric,

conmbi nations thereof. Qher.dopant inpurities may be used In other
exenpl ar Vhe renodaingn procep® deR]ackvates $re dnpawt imperifias: e uiges dne sifiusiasupk abl e

e al (ECSRBGN AL FIE0R8PS 2 AdT TeRIE LBNEAT 0% MR, 4 BaRERIEE B,
poi nt's Abth%P%n'ﬁéaﬁr{&‘:c%@[?é‘ftaﬁ.gé’s;ﬁéy g?'ds\édti CothefBxerplafy eRibodineess.t Mhe

advant ageous resu ectrode I ncludes dpproximately the -
same dopdopec gateesibctaddeomateriabi $4 poiudingnson-planarf topratiface 28 sbowniin frl@he

Prpur 4185 ey GBSAHFR & PIicBre SEIAHE B E: ey RURD BRBBesFods
tenper at M%?er\%l-mﬁéngtémégée glr&gﬁragéil%ﬁggcrfb%dfs%g ?y@%‘ogﬁd %Hheal@&/@@ﬁva@éﬁ‘gg{é ng

t enper atures I'n er exenp ments. The dop gate
el ecttyr odeledirdds halierkh4 1 ncl udi ng non-pl anar top. surface 128 shown in FIG

5F, is then planarized to produce the structure in, EI % 5§ ped te

el ect r od®033ht er i dtIG. H53 shewroiaped cadie lesiipdgeatarige doA Vi H%@HZ‘E&EE‘)D
anneal ed/ Y d te ] ' : : oped
Gat o ol o Fssa il exeblp Gy B el Shbflat mEChSHicdl biothty SSMorFoP
exenpl aryagr i AdeHeR! plapafie e atrusmehani ealovirgl pstibng 16pebatrided byrde be

used to planarize the structure by renovin ortions 158 _boupded he
dashed |q?aséledolirm tdpeguge mrizw)é@%@cﬂa@eagl@g@%m%@? Hﬁf? éﬂ"ﬂhhef@% éé th

el S SR T Rl e A AR A S0P e B ot
the rootwHRaf $@ute1 BUr fRACEN exemplary embodiment, the root-mean-square surface
roughness of planarized top surface 156 may be less than 100 angstroms. Height 155
may advantageously be chosen fo be significantly greater than fin height 114,
- [0034] The structure shown in the cross-sectional view in FIG. 5G is also
20 presented in fhre‘e-diménsional is_ometric view in FIG. BA, in which the dopant impurity
concentration at point A" is advantageously equal to that at point B”. ' '
[0035] FIG. 6B shows mask material 160 formed over planarized top surface 156
of doped, annealed gate electronic material 154. Mask material 160 may be a single
layer of photoresist or in may include multiple layers such as a photore_siét layer formed
25  over a silicon nitride, silicon oxynitride, silicon oxide or other layer. Mask material 160
‘has a subétantial!y uniform thickness because it is formed over planar top surface 156.
Mask material 160 includes planar top surface 150 and substantially uniform thickness
| 166. Because of planar top surface 156 of mask material 160 and substantially uniform

thickness 166, a desired predefined mask pattern can accurately be transferred from a
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roughness of planarized top surface 156 may be | ess than 100 angstrons,
Hei ght 155 rmay advant ageously be chosen to be significantly greater than
fin height 114. [0034] The structure shown in the cross-sectional viewin
FIG 5Gis also 20 presented in three-dinmensional isonetric viewin FIG
6A, in which the dopant inpurity concentration at point A is

advant ageously equal tq that at point B'. {00 51 FIG 6B sh%@ maak
mat er i amagkolof Bieskdnaigdnl APAnad ZeGUPLASUEOT IRV SEOCESE  eRIb&RP Usffleld ed

gate el ectr.oni. b 4 ' be a single |layer of
phot or eé‘%%{rgtSLﬁYaﬁ%f?gWﬁ#ﬂjeﬁbE’ %Iﬁﬁé{;&égﬁ?g@é}%@ gac 4é.S a photoresist |ayer
formed sgyer apye! iseoshds patiemedli hisgknmateyial 1 62 dermed loveorplanardeoor

other. Tayer. Mask material 160 'has a substantially uniformthickness

becaus estirfades! 55mf wopedyale gitciivde maprialubdadattered magickaipaiekt §4mayaee
i ncl ud | t f 5 d subst anti al | i f ' 166.
Becas elogeR e Carua e BestosB0gp iR 2pe Listen etk SR tasi 1y

i f t b ' | t ly b
FFanet oo A S P B B B g

pr ocessshowih the proedrtaarangementsiedwn iy BIGs f38, straighpapagrenregion #8& hpata
el ectrode material 154, [0036] FIG 6C shows, patt ﬁr{]ed rrggg ﬁ%ﬁ aId 162
formed sikstaiainapiferapwicdr faicaspess obiheybyartiagaednal Width ed 154,

phot of | FRERTEFA TRedpous Camam u i EElel RolEai P BRpERBRN feature 46
showy i Radikg 8" LSforA twidh! ael@fmeienofpafibed3agkn npitetiaind6R 4fepsshuven in

the prior art arrangenent shown in FIG 313, straight opaque region 48 has
a subssemicoatitigiordin 03 mimiothen. wosds,aapadesidt ot the substaitipthn Planafizad 1R dt h

164 of pattern mask materi.al 1 I.S. subst I.atl LT Qr med
from sugﬁ%%ﬂggﬂswspgﬁg df%‘%irﬁ ﬁé@ﬁﬁ‘a@%?ﬁﬁﬁ@@a{ 3\? h%\/yh%é%ﬁfrga
patt er ngﬁéd%ﬁﬁéﬁ ﬁs?&éfni ghn 482 astaBf)P t@hsichell 6tBdRRER mElchall 08B0 tan fofrher
words, as a result of the substantially planarized top surface 156 and

resul ti pgtterned omsk 168, t hi ckness of mask material 160, a desired predefined

tter. b tely transferred ont k_materjal 160 to f
pat L1 nBlSAhsk 16015 peipos7 hemnirangiaredrin e oriEncBRULy dFriedat 5% AR gat e

el ectr Ogt%hmﬁt ﬁrﬁb@és liBYef@r%bly a dry plasma etching process, to produce gate electrode
| 168 shown in FIG. 6D after patierned mask material 162 has been-removed. The
| etching procéss used to efch uncovered (unmasked). portions of the doped gate
electrode 'ma{efial 154 Amay also remove some or all of the gate dielectric 120. In

20 embodiments whereby some or all of gate dielectric 120 remai’nsion semiconductor fin
108 after the etching process, a subsequent plasma etching procedure may be used to
| completely remove gate dielectric 120 and expose semiconductor fin 108,'inctuding
, sideWa]is 110 and opposed portions T?B, 180 that will form the source/drain regions.
FiG. 6D shows gaie electrode 168 that 6rthbgonally- traverses, i.e., straddAIes,

25  semiconductor fin 108. Gate electrode 168 includes top surface 174 and constant width -

172. The etching process‘ o processes removes all of the uncovered portions of the
gate electrode material and the gate dielectric thereby exposing semiconductor fin 108
and insulating layer 104. In the exemplary embodiment, gate electrode 168 forms a
right ang[e.with semiconductor fin 108 ‘but other arrangements may be used in other

30 exemplary embodiments.
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etching process, preferably a dry plasma etching process, to produce gate
el ectrode 168 shown in FIG 6D after patterned mask material 162 has been
renoved. The etching process used to etch uncovered (unmasked). portions
of the ~ doped gate electrode -material 154 may al so renove sone or all of
the gate dielectric 120. In 20 enbodi nents whereby sone or all of gate
dielectric 120 renmai ns on sem conductor fi

f . i ,
a subsgqlﬁ%@ﬁs]p! asmhl@ PRGNSR dBYIBNHa TP %@é&ﬁhgwép%%gzpmoz‘%w@%@%ngT
te, : ;
00 and SERdiEbr droe T8 0% AR T e, O e o ons.

FIG 6D showe aal grafl RYjigredaay fRohveanany tiepgoriabohy exetplarg eswedimend, an

straddl es, 25 semi conductor fin 108. Gate el ectrode ég@ i ncI.udesI Eoi
surface 1o impiantation paneseiisiparored torpepeiiensoics Apd siain regiong 188G

|1 of ,the-,. ' [s - { al
ind the JRmedatel iRt i Fauy R el g, hSre, BEECoBYtie B8 oaddes o
| nsul at i pg; 4in 108t e oRxesmhaty esmsstinrent the ddreinaplentationl pracess f or ns

a right angi e V\ntébﬁ sem conductor fin 108 but other arrang ,man&s r@%/ be
used in dakes plade: imweiztely yafentbeligatm electrods ruasdg! anveoais digleCER LG n

regions are fornmed in opposed portions 178 80 _0o ' of k> 108

{ hat _ar e PARGAREEHR (A8 AMBCIIER 1Nk PHOR BB T4yl Foffpenatishfid SR halial 82 1
drain -regi.Qns; ivol . i x’@mmaﬁbrﬁ\ desremdy, tak@ i on
I mpl ant a?sggﬁmplpg@?s'ssqs %%Ppg@%é@tﬁg%gggn?ﬁgmggurce and g*rmgi n regjons 178,
180 50i mpksticaire bptvastinathenprocheston dooatibns etgpisted §t MEASWREr ang &b AWt ode

! ant amRSATSCDR ML 40R L BIAC i aTShGr Y APLR PHECHS BT Mo plE "
e val P B L P O e e e Sared
al t er nat ifxgh Yheip§ implarted. i om zhmqihanteabhmhrpr@nb@ﬁm@ay ﬂ‘@kéOlll@eM%B_eloﬂn
D e varonth oS o et 8% S RS sl e, o
ot oSl dnt A Be SR s OO e bl B o e e ar y
enbodi MeRy ,prbfige SOBISRAERY miniforn dopant profile throughout source/drain regions 178,
180 of semiconductor fin 108, including substantial uniformity in both the vertical and
lateral directions. Various impiant conditions may be used fo aéhievg this.
[0039] Spacers 176 are formed on sidewalls 182 of gate glectrode 168 as shown
20 in FIG. 6E. Spacers 176'may be formed by deposition of an insulating spacer material
followed by anisotropic etching of the insulating spacer materia!.'_ in one exemplary
embodiment, the spacer material may be silicon. nitride and in another exemplary
embodiment it may be a stack of dielectric materials including a silicon nitride layer and
a silicon oxide layer. When an isotropic etching process is performed on the spacer
25  material formed over gate eleétrode 168 and semiconductor fin 108, spacers form along
sidewalls of each. Because height 155 of gate electrode 168 is greater than height 114
of semicoriductor thin 108, the spacers formed alongside semiconductor fin 108 will be
- receded and completely removed prior {o .spaéers 176 illustrated alongside gate
electrode 168. In an exemplary embodiment, the heights 155 and 114 may be chosen

30 such that a substantially intact spacer 176 remains along sidewalls 182 of gate
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I mpl ant ati on process may take place after the renoval of the mask materi al
and upon 15 the structure shown in FIG 6D. The ion inplantation process or
processes are chosen to provide a substantially uniform dopant profile

t hr oughout source/drain regions 178, 180 of sem conductor fin 108,

i ncl udi ng substantial uniformty in both the vertical and Iateral

dlrectl

Spacerseqc'sfr@d gégoW%m%ﬁn%P§%: foér%%@zg@%ga%gg%rﬂggﬁﬁ@@g q%é as s 0\[/\3032(1)
in FIG uﬁﬁa ﬁ%ﬁ@%g@v&? 6 TRRYesREn 1% Mm@ﬁﬁorésndst@rﬂe@fn RIG.i 6B ullkg spacer

rrater|a51 by ani sotropic etching of I nsul ati ng spacer
nat er i alxemplarpnembodinpnés, y in ewhiotli dient spadees spmceemmreér ifedm nakpngeidsi | i con.

nitride and in another exenplary ., enbodi nent k of
I0I| el ectaemicardtieior afins 1|Oﬁclth%h rre@n%lmam ‘-FR%%"%Q?”Q?@TB%&W@I% D& O8n oxi de
ot o ATl Sfeler g B Dl 458ESs e SR AT I SR BB OE e

fOfm alQfce 3749 W%bie%l@étro@@c‘fﬁa Becaieterhseatplart Bninfdirgetieineltdci spdesr168 is
greater than height 114 of sem conductor thin 108, the spacers forned

al ongsiidé dmmerxtmrﬂwbeﬁanﬁalhy todep eirfacers'4 ofcanieieleciinde dBApsraalarEPRER Y ed
prior tosacersl strat d al sid In an
exenpl dR§Y %B%FWE ngtth% @Rﬁ?“ﬁ@g5@%@&%&95@%@%@@% %b%%%ch that a
subst a ly ing d 4
el ectrggbtfdJGB v\/mf[l&II g%?@%ﬁ@ orrre é‘qg?gl ?i% %ﬂe&%ﬁ%ﬁ%{f&%al n\mlh(%B are
subgt anjrbedssys pamm toTﬁur&%ammhw1Qrdmﬂd1ﬁe1@‘|tt11|4s3ﬂslermmncmcmﬂ ﬂnnmﬁl G 6E.

In other exenplary enbodinents, in which the s s are re from
al ongsiiadhe §@%ﬁce&s#ﬁ@nd?@wns |(1q7810’@05 @H@GPB%PHP &'@C@C{%g@ dg\ﬂgfedewal ks

182 may eaﬁ@cufm@ E%l@cg&éa HtaXEP! bt MA@ 1édéstdrﬁté§@g§@@(:§éﬁloﬁa6oﬁnd may

not exth of 'gate el'ectrode I n" anot her

exenpl %mr@vﬁmﬂlr@?ms i1M8 WEOCHF sepsic@iducir Gindtoss treattisruh ophmirtaceii@i0ignd o t op
surface 174 of e electrode 168, snaller spacers al so remai n al ong

the | ovibe epmaedcpm‘h@ffs ofisislewallz J 19 et 268 neb ma@ls% gy ios p?a&%ﬂ%@f a §h6620)
RO SBRERL o Fe SRR e W PR el P o
sem conglighbel fol Fe 488 I 's?aéé]@ féPHhﬁt?'iﬂrilﬂjéﬂraﬁiﬁ@i’tiﬁ@%a(@bﬁ@e ekBitxialagtpatrent | y
opposite gate el ectrode
process. The selective epitaxial growth process may be a CVD operation and may
result in the epitaxial growth in the source and drain regions as well as over (original)
top"surface 174 of gate electrode 168, 1o produce epitaxial layers 184 and 186
26 respectively; -The epitaxial grovﬁh process may also be used to incorporat_e dopants
into the source/drain areas. An option'él ion implantation process may be performed to
additionally dobe source and drain regions 178, 180, especially if they were not
incorporated during the epitaxial growth procéss. Conventional low energy ion
implantation processes may be used to int_rodl_.lcé dopant impurities into the source/drain
25 regions, to a shallow implant depth.. A silicidation process may optionally be carried out
to form a silicide on source/drain regions 178, 180 and top surface 174 of gate electrode
168. Conventional patterning processes may be used fo mask PMOS transistors during
the implantation of NMOS fransistors, and vice-versa. Subsequent conventional
processing ope_ratiohs may then be used to wire the multiple-gate transistor to other

30 devices and features to form-a functional semiconductor device.
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particularly, selective expitaxial growh will take place on exposed
portions of sourceldrain regions 178, 180 of sem conductor fin 108; that
is, on top surface 180 and the exposed portions of sidewal ks 110 that are
not masked by the presence of a spacer 15 material as described above. In
the illustrated enbodi nent, sidewal ks 110 are illustrated to be free of

spacers larity 1n_J tratin | ' i al
process.'_[dﬁ%e‘l?sel e tis\%orédpHézh)aogl|.eg%%Eﬁorﬁf%%&eg}fﬁg?ﬁ@ec}egéle@ﬁp%éée:f%?,i %fn and
may restfd invntidheis aRbivith #e VAR AFIEHE. FUG Tanditbsdngisanfeegbensings wel |
as over (oréa%l nal top surface 174 of gate electrode 168, to produce

epi t axi abperayiens siewn and1Esé, ot thespocessing gperalivns afsi pesarmeddnalifeient ocess

| b d ' t t intgt /drain. A
opt | onal SFGHE CRp! ARERT.oh ey FGoesh MA AR o e Sod A kI ope
sour ce ag@:éf%’nzéd"béf%% ﬁfésoﬂergﬁans %?pﬁg)ﬁ%pgétbyeiéétrddﬁ%awﬁélear'itPEanneaﬁn ,

i ncor por at urirng the epitaxia ocess. Conventional |ow ehergy

i on i nptiepsd0Ba@mdpiidc espestively T sspente of proceshirgeorkyplions shopurin F1@s into
the sourgeldrain 25 regions, to a shallow inplant depth. A silicidatjon
process ot P i T Banek PP ITEPIe g4 GRRRER) Ed‘ealbr?eseauclﬂ%ﬁa{?ai n
batt e ni 1 SRR Bhe 4aR BHRERs, SdlnBEet rahel iRy iR gl

I npl ant afregistofs, NMOS transi stors,. and vi ce-versa. Subsequent conventi onal

pr ocessi n% o]oerat ions may then be used to wire the nmultiple-gate transistor
t o okher[0U48] devi cléw frsd rastintru ok $his osgconaeseuisaes Gharoeassindonpriatens Hevi ce.

15 J0041 hod, o4 - € C e:.0 r gees St !
oper at 1 onedraps B £IE5, 3G rAfte SRS R PE RSP C G 85 BERRed. tha -
i ncl udessddienga B pRIREERT io@@raﬁ@ﬁ@ﬁ*ﬁﬁré@éﬁe@ BOWICBNSKIGE. is 4isebtd prddece the
processing operations are performed in different sequence. Notably, the
step of mplt@feagatgatramstof witat adjsberityr eprOiat 8oureg/drain 3egipes onmads by e
before th erations of -doping the gate el ectrode material and anneal i ng,
st eps 40@%%5”%1%?%?%5pectivel y. The sequence of processing operations

shovyy i(r][oﬁhﬂ 7 magsabagpeonesgAdTEEnfHRAN & FHIGE PERSIRAR] headsdcfibed # t hat
may be doubl’e-gate transistors, tr|£l e-gate transistors, onega-FETs or
dl

ot her suarigiciomwitti Fl@SgaASD.t rssidnmis the second method of the invention as
presented by FIGS. 8A-8G in which the gate electrode material is planarized prior to
doping', it would be advantageous for gate dielectric 120 to include.enhance_d immunity

to dopant penetration. An enhanced immunity to dopant penetration may be

20 accomplished if the gate dielectric includes a nitrogen-containing layer. According to
the second exemplary etbodiment, gate dielectric 120 may. advantageously include a
silicon nitride or a silicon oxynitride tayer as deposited. in one exémplafy embodiment,
gate' dielectric 120 may be a silicon nifride layer overlaying a silicon oxide layer.
.A!ternative!y, if gate dielectric 120 does not contain nitrogen as formed, an additional

25  nitridation process may be performed upon the structure shown in FIG. 8C to enhance .
immunity to dopant penetration. The nitridafion process may be an annealing process

in a nitrogen-containing afnbient, for example. In summary, according to the sequence

of process: operatidn of the second method of the invention, gate dielectric 120 shown in

FIG. 8D advantageously includes nitrogen for enhanced dopant penetration immunity.
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10 [0042) The first portion of this second sequence of processing
operations is illustrated by FIGS. 8A-8G After this structure shown in
FIG 8Gis fornmed, the sequence of processing operations represented by
FIGS. 6A-6F is used to produce the nultiple-gate transistor with

adj acently opposite source/drain regions formed in the sem conductor fin,

descri bbB4Ph  conPaneeper oae Aeri e makeni2h® BTttt L ret hoo
of the igh\RRhbRNIASIRESHEULLRY of F@28EBAMBRiNdLdInd3ariass e oglaet r ode

material i's planarized prior to gopi ng it wou be advant ageous for gate
di el ect heightl?35. tfiGi. BEIshdws éhthsinebareiimsluding yndepeddigiartecirese maietianl 24an

enhanced i munity to dopant penetratjon may, be 20, l.i shed,if the gate
di el ect aP¢ Tf?fﬁ@\fﬂ&%lé@ﬂ@n ﬁgﬁ (06 gERORM Datenelggtr dfyg\a,%g”aigégggi”@cﬁﬁd i econd
exe Iaa% %Eﬁ@gé”e”t’ gate dielectric 120 nay, advantageously include a
siliton ?I} i ‘or a silicon oxynitride |ayer as deposited. In one

exenpl afpp4gpbodi manfon ingRirkatfire brebEd, Cindidgtetelyy Brows s138, derthen tusedetd ayer
overlaying a silicon oxide |layer. Alternatively, if gate dielectric 120
does nointroduteadopaiit tmpygétiesaistd tenslajchera asaslpwn §nEIC.28F ni Gonveaticsal pF ocess
may . be

f or.med .n h i n F | ity.
1o dopaRESBRrBrEIo RN MRleriatiniHal PESE oL Baah Rt i S iosts ™l o ots
inani g&.‘a&ﬁe?ér%?ttﬁé wm%ﬁmwﬁﬂ grofcgis &XAERIRn thHIBYIRERTHplaRCEOHHRi T8p t O the
of process- operation of t

sequenc e second nethod of the invention, gate
di el@ct whereb?Othe hiowatidnn 2001 ¢B. thé Dpealy ennheagdwatist yofi ingllarded ions riegeabovr

"t or | aFTBAUS T Bindd IcEBaPSPHY (DS 0 200 B PR BN GRALOL he
t t I ' | el : hed 5.
i o periiae e & ele FRCPHR RBoTAR b A eiants PRI 2010

and renpestibrpR02 e Hha6gé deviodedngletial/wliedislerddc meadeakt b24tids 20ddi cat ed
by the 5 dashed |ines. [0045] An ion inplantation process, ingi &at ed by
arrows Assuchsnimgen-aewaning galat dieleatie %paﬁlﬂie‘i’%pﬁmﬁﬂ PN $7§ uct ure

22 PE0uBe il ot B SRR BB o USRI oo 20 s 0" e
- most prone to such penetration during the subsequent anneal process. .
[0046] FIG. 8G illustrates doped gate electrode material 154 with planar top
surface 156 after an annealing process has been carried out to activate doped gate
electrode material 154. The annealing process is as described in conjunction with
20  FIGS. 5A-5G. After the structure of FIG. 8G is formed, the processing operations -
- shown iIn FIGS. 6A-6F and described in-conjunction therewith, are-then carried out fo

form the multiple-gate transistor whiéh may then be further processed and wired to

other components of the semiconductor device as desired.
[0047] The preceding merely Iiluétrates the prin_ciples of the invention. 1t will thus
25  be appreciated that those skilled In the.art will be able to devise various arrangements
| which, although not explicitfy described or shown herein, embody the principles of the
invention and are included within its spirit and scope. Furthermore, all examples and
conditional language recited herein are principally intended expressly to be only for
pedagogical purposes and fo aid the reader in understanding the principles of the

30 invention and the concepts contributed by the inventors to furthering the art, and are fo
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paranmeters of the ion inplantation process are chosen to produce inplant
depth 198 10 whereby the | ocation 200 of the peak concentration of

i npl anted ions |ies above sem conductor fins 108. In can be seen that

| ocation 200 of peak concentration of inplanted ions is closer to the gate
el ectrode material/gate dielectric interface at |ocation 202 than the gate
el ect 1 0dpe BRIl | Aabeing! GHRAK IitABh 6! 86ch bediREny IrBBiict0dxamdies suwh,
nitrogen-containing gate~dielectric 0 achi eves enhanced inmunity to the
15 penet condiionsof ddgraover| nallr statepserntthr bergin treeitipat printiplesctaspectey endat

| ocation 202 Which is nost prone tg such penetrat,io dur'y h_ge bsequent
anneal peEPedimentyohée mnventions a3 wed BsasrRSTRopENRIas daIPEe Ao dECIAR%K al

154 with t [ oc : bee
carried givothBease BB, SHUGEET R Ul RAuRARAR, (iGiehl JRRSIRRY RCR | g
process irferfeddarst idagH kHuivgiehiendhdiede wbdth 20rEhtES. koS @quivtleats tdmel
structure of FIG 8Gis forned, the processing operations hown in FI GS.
6A- 6F angqdselentsistseioped injherftiran.cu ey alemants dewelppet thehpeifie® BESAHME  form

the multiple-gate transistor, which may then be further processed and wred
to ot heﬁ@&ﬁg@ﬁ@%@ﬁ&ﬁ REUSWS conduct or devi ce as desired. [0047] The

pr ecedi ng)omsg ely if iélﬁééé%@ﬂén iR enePEkARbIBREEMBbdirRALd RVRtRhEeN to b read In t hus
25 be appreclfated that those skilled in the.-art will be able to devise
vari ous aomrsevjemsvithsthevitgiuods, ofathehansgmpaoyingdsawiop: whicheare ip hsdcansidsrsivn

o Tl Pt B BN, M "
reci ted Hprel f pie AL ROy BaLlYy. TiRBAOLLBYIT AR i DRognhyd istiom” as

pedagogi purposes and to-ald the reader 'in under standi ng the principles
of the 3@el mseketivativeatiubrebie(ecaqpnhepzanialynt ‘dobowanllyy ‘upnardlyiy ekt )ahouidoe

furthering the art, and are to,17 be construed as being.w,thout. |im.tation
to such epestiveddarefer M@Ptoé'&”@t'ﬁﬂﬁlszge%a%scr@%ﬁ@f 7 8ﬁ9‘?’ﬂ%ﬁ@o@§w&"gﬁﬁeﬁ
st at em”&%o@?&ﬁcﬁ{” reciting principles, aspects, and enbodi nents of the

invention, as well as specific exanples thereof, are intended to enconpass
bot hisst r [0oKet al  andihbught thenahvesdun vehentteent ieserdifed Anldietmenal lexemptary s 5

i ntended that such equival ents include both currently known equjvalents and
equi val epfodigstspldsi Aok Heltedt feesto; | %‘.aﬁh%{n;}h%l @P@ﬁfj@d 0&5’8"%&@%‘% hiat
perform %}%ﬁlﬁﬂ%roadly. to include other variants and embodiments of the invention, which

may be made by those skilled in the art without departing from the scope and range of

equivalents of the invention.
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function, regardless of structure. [0048] This description of the exenplary
enbodi nents is intended to be read in connection with the figures of the
acconpanyi ng drawi ng, which-are to be considered 10 part of the entire
witten description. In the description, relative terns such as "l ower,"
"upper,"” "horizontal," "vertical,", "above," "below, " "up," "down," "top"

and " bof[\h\%&@ﬁ%ﬁ%" as derivatives thereof (e.g., "horizontally,"

" downwa ‘dly," etc.) should be construed to refer to the

orientation fs themefiRsCiht Rethify aamts BRotrode farhe neddiipié nateutrdesistodiis @issi on.
15 [0049] Although the invention has been described in terns of exenplary

enbodi negmicpnductorglayive, comprsied:t her et 0. Rat her, the appended cl ai ms shoul d
be construed hroadly, .to include ather_vari.ant de {en f.the

i nventi on, vmpﬁ'ﬁ’ngrrﬁyé%%%%ée EPMPHEER @k?qm'ganqiﬁ%‘qr}hBﬁﬁggﬁgﬁhéﬁ?%% arting
fromth : [ Bohd¥&sifen. 18 What is

cl ai mdﬁséiﬁﬁrﬁ@@%ﬁ?rﬁlﬁgﬁtgﬁ?lgﬁH'rf]dgﬁ‘llaeﬁggt%gﬁe‘f%ﬁ!??lgde foﬂrr@a multiple gate
transi stor iforraings e gaiedeletodelematzeial Coverr issidnggatpr aldletitiy andutssid uct ur e

conprising a sem conductor fin disposed over an insulatjng |ayer, and a .

gate di eraieppductodinmsaidyaie ﬂaﬂ@é@rﬂ%@mﬁwmfa fop %f%%bafglsgfﬁw@ﬂéat rode
mat er i aé POX@F said gate dielectric and said sem conductor fin, said gate
el ect r of@ g’ri al having a top surface that is non-planar as forned,

i ntroduci ng ifgecARKIng dBERt i fREitEO It SAd daticdlect®ldeahstedal; material ; after said
i ntroducing, annealing to activate said dopant inpurities in said gate

el ectrode meafterisald ingmduginaremealingtosasttyateo paid iapask inpuitiesnn 53l S#¢ i zed
top surface. 2, The nethod as in claim11, wherein said planarizing follows
said i ﬁ@%%’i’nﬁbenéhémgai d annealing. 3. The method as 'in claim1, wherein

sai d pl anar ighngiHRERIRD stffale to form a planarized top surface.

2. The method as in claim 1, wherein said planarizing follows said

introducing and said annealing.

3. The method as in claim 1, wherein said planarizing precedes said

introducing and said annealing.

4. The method as in claim 3, wherein said gate dislectric includes nitrogen

therein.

5. The method as in claim 1, further comprising patterning ‘said gate :
electrode material to produce a gate electrode that traverses said semiconductor fin and

includes said planarized top surface.

6. The method as in claim 5, further comprising forming source and drain-
regions in said semiconductor fin adjacent each of opposed sides of said gate

" electrode.
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i ntroduci ng and said annealing. 4. The nethod as in claim3, wherein said
gate dielectric includes nitrogen therein. 5. The nmethod as in claiml,
further conprising patterning 'said gate electrode naterial to produce a
gate el ectrode that traverses said sem conductor fin and includes said
pl anari zed top surface. 6. The nethod as in claim5, further conprising

form ng sourcg andTil miethodr ROindsin &, fashet cwmrts«tr@dfuﬂhmg shiabergdjnasiéed oach
of opposed. sides of said g)ate el ectrode 19 7. The method as in claim§6,

further aandpgat@ rehagtra@e anaforeyga siicidn is aﬁlggsfowne Sffiall grie &leatode apdsakhd

formng a lji' agi s“e n at |east one of said gate el ectrode and said source
and drai R° (98 H ralg 'e4R&Smethod as in claimb5, further conpri si ng:
form ng spacers on sides of said gate el ectrode; perform ng selective

epi taxy on exgosedriomkiHaasih C@%@ ARMEESRAPRSiIRYE: fin, and form ng source
and drain regions in sald sem conductor fin adjacent each of opposed sides

of said gate ®rmigrapdesrsdn sites ofetaldbghtaslacirodeai m 5, wherein said

tt f tt
AR RNENG AITE PRARLR S A R e e T
not covered bynaRlgdsRRkt eiiieatafRrigicE indY ich se"rﬁﬁ%orﬂﬁ@ it dFEi adjatent! Sach éf m 9,

wherein said etcﬁfgng conpri ses fé;j s etc method as in claim

9, furt hepposmupdides cufg;aﬁdﬁgate@iﬂdmge.dopant [ rrpurl ties into said
sem conductor fin to formsource and drain regions therein prior to

renmovi ng sai d_pat t_lgr ned maskin ayer. 12. The, nethod as in,cl

wher ei n sai d $or ni Mg Bf'eéfﬁtdea%lnbé B e Whereinisald pa ?Fﬁms%n?rbﬁeﬁaflﬂﬁmﬁg a
subst ant %5‘@1‘}56 %S(Rs@g?ére %\f@é fs%ﬂzﬁl géﬁggerléﬁ'?nroagqn%nél%rﬂ SAing: poMtiiiibaipti d

sem cond | nol
gate elecirode material not covered by said patterned masking layer.

10.  The method as in claim 9, wherein said efching comprises plasma etching.

11.  The method as in claim 9, further comprising introducing dopant impurities
into said semiconductor fin to form source and drain regions therein prior to removing

said patierned masking layer.

12.  The method as in claim 1, wherein said forming a gate electrode material

comprises forming a substantially (_:o'nformai film.

13.  The method as in claim 1, wherein said semiconductor fin is formed of

silicon.

14. The method as in claim 1, wherein said sericonductor fin is formed of at

least silicon and germanium.

15. The method as in claim 1, wherein'said semiconductor fin is a lead
extending longitudinally over said insulating layer and having a height greater than its
width.
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14. The method as in claim1, wherein said sem conductor -fin is forned of
at least silicon and germanium 15. The nethod as in claim1, wherein said
sem conductor fin is a |lead extending longitudinally over said insulating
| ayer and having a hei ght greater than its wdth. 20 16. The nethod as in

dopant WE‘J?{r.es el 5 Beb Aty bnfarip o MubBfKEY TameBos Titakubfie o
boron * ageh b d%BQnt'\rthé{rﬂf‘esd%d’Fi fyb@%béaﬁt' iBfpuria Molidingns 18astate of

i mpurities |ncI ng at | east one of phosphorus, arsenic, and anti nony.

17. The bmbhadddsdiim, shdiypk dogeet Bipuriies, dsandritppmdw@tm"op’@mtrasersrckudmgof ion
i mpl ant atl on and plasma i Mmersion ion jnplantation and includes a dopant

i mpuri tyat @@ﬁ?é’n@pfﬁhOSF@Q&tS ae0esahd MY, The nethod. as in claim1, -

wherein said providing includes said substructure including a maski ng

| ayer forned er t s' d ormng'
further incl uﬁ Fﬁ?rﬂqﬁagcgé%3$§3%1 W& BqH?erl a %@%@l%a%l ?ﬁ@bfjl G

| ayer. %anrérrh@tzdr%h@qmm rebion bn wwrﬁatrbrsand lm&@sdaedicﬁiamlrmpum&er s
sidewal s and a top f1 sajd sem conductor fin. 20. The nethod as in claim
1, wher edlosesefiatilgasbliid hegnt.ncl udes said insulating |ayer having a

depressed portion encroaching said sem conductor fin and resulting |n a

notch, and wherein, said, formng a gate, eI rode Ilng
sai d notch. 2% ﬁ@ EnBtelins &S | @%Hﬁ 1 W %Peﬁﬁ'gabfcd’cghg eﬂlﬁ’}"&% is

for med OéuH%ﬂ?ctﬂ\f'la]rnﬁfuhln@%”mgé‘r&rﬁfla%ﬁfoﬁ%eébl/ercé"fb Q‘t}ffdcbrdfféﬁrd Qe?mcondrﬁtﬁofmt hod
as in claim erein“said gate'dielectric |n | udes at | east one of
La2C8, AlR@8d gdid®orntiigOfyrihendndinda?. foRBing Ted ngztit cdecirodenmateiamover skt ei n
said gate dielectric is formed of- a material having a permttivity,

rel ati vem@sking &er.space, being greater than 5. 24. The method as in claim
1, wherein said gate el ectrode material conprises i

19.  The method as in claim 1, wherein said gate dielectric covers sidewalls

and a fop of said semiconductor fin.

20.  The method as in claim 1, wherein said providing includes said insulating
layer having a depressed portion encroaching said semiconductor fin and resulting in a

notch, and wherein said forming a gate electrode material includes filling said rjotch. |

21, The method as in claim 1, wherein said gate dielectric is formed of one of

silicon oxide and of silicon oxynitride.

22.  The method as in claim 1, wherein said gate dielectric includes at least |
one of La;03, AlO5, HO,, HfON, and ZrOs,.

23.  The method as in claim 1, wherein said gate dielectric is formed of a

material having a permittivity, relative to free space, being greater than 5.

24.  The method as in claim 1, wherem said gate electrode matenal COmprises

polycrystal[rne silicon,
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pol ycrystalline silicon, 21 25. The nethod as in claim1, wherein said gate
el ectrode material is formed of a conductive material. 26. The nethod as
in claiml, wherein said planarizing produces said gate electrode nateri al
havi ng a hei ght substantially greater than a sem conductor fin height. 27.

A et hod for rm a gate el ectrode for.a multiple te transistor ,in a
sem conductoriﬁevi ,m@%ﬁﬁﬂséprfg"i.'mpﬂd’wi‘eierWgsag&JQﬁ%ﬁl?%@ﬁr@atgﬁﬁﬁ ?%rf“ﬁa a
sem con g6ndicivdispasgd over an insulating layer and a gate dielectric
di sposed on sal (5’ sem conductor fin; fornmng a gate el ectrode material over
said gate dielectric and said sem conductor fin, said gate el ectrode

mat eri al havi2) a Tthepmsthotiaae it blaimiis wiwreipl saiduplanatzifig mredijces reaidogatei ng
dopant inpurities into said gate el ectrode matel:li al; after sai‘d .

i nt r oduc?iRgirogmmatariahavieg abeiahhsubsiantiali gprater apaspricRdyFPhimheigh;

gate electrode material; and after said annealing, planarizing said top

surface to fogma bfe@fc[é:f Fé)gqoﬁr(ﬁﬂg nazyétfteaﬁgctr&% foﬁaniﬁﬁllﬂﬁg ugieﬁ(é) rtrfagéiﬁic)?% a gat e

el ectrode for—a nu te tr of iTh a Seémco evi ce,

conpr i sidignicondwteh deiog, g@;hpﬁgipig;t ure conprising a sem conductor fin
di sposed over an insulating |ayer and a gate,dielectrjc.disgosed on said
sem conduct orprevigdingf 8r sibsiustugat eorapristia dserigasrieipr dipedispasell gyele an

dielectr.ic id em cond re-fin i : rode materi al

navi ng dnSuBLRaRSkGangE e PrEb Y alosPy o ¥ll BN B B S ng: 1 nt r oduci ng
dopant i npurihifingl i QAal dldpbdeeheabrsldevept esil agateandlelatiier anai daid

i ntroducing, annealing to activate said dopant inpurities within said gate
el ect r odzernigorducior. fin, said gate electrode material having a top surface that is non-planar

as formed;
~ introducing dopant impurities into said gate electrode material;
after said introducing, annealing fo activate said dopant impurities within. said
gate eiectrode'material; and
after said annealing, planarizing said top surface fo form a planarized top

. surface.

28, A method for forming a gate electrode for a multiple gate fransistor in' a
semiconductor device, comprising: |

providing a substructure comprising a2 semiconductor fin disposed over an
insulating layer and a gate'dielectric disposed on said semiconductor fin; _

forming a gate electrode material over said '.gate dielectric and said
semiconductor fin, said gate electrode material having a substantially planar top
surface; '

 after said forming, introducing dopant impurities into said gate electrode material;

and

after said introducing, annealing to activate said dopant impurities within said

gate elecirode material.
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22 29. -The nethod as in claim28, wherein said formng a |ayer of said
gate electrode material conprises formng a |ayer of said gate el ectrode
material having a top surface that is non-planar as formed, then

pl anari zing said top surface to produce said gate electrode materi al

having a substantially planar top surface. 30. A nethod for form ng a gate
el ectrode for%a ning msithodgas dn claims%twhereln said Jerpipg i drses rofaeid (gate

conpri si ng; i.di. J ri s am co (I

ComD 8Bt A RS A S S B e SRR el s
sem Pongb‘ﬁtsgﬁaéé that fahsh-pl&eaR é?sofd)f#Mé@i,Oﬂheﬁ'ﬁl‘amtiﬂg said efdsefdentt pebduce

| ongitudinally over said insulating | ayer and aving a height greater than
its wi dtdajd gade eiectode gatesiabhaving adebstantially alanattop fufagegat e diel ectric and
said sem conductor fin, said gate el ectrode material having a non-planar

top surface; . intyoducin opant inpurities into sai.d gate el ectrode
material; aft8r |"6F9q‘ﬁ?ﬁ ?%cdm IRg 2 gﬁﬁ@d@‘iﬁwetfgr édp%apeg%tﬁitﬁawaﬁin a
i mpuriti y i ‘ ode material; planarizing said top surface
to for mS?”&di‘r‘?E?qu%%%Bo@hﬁ% 'e; formng a patterned masking | ayer over

said gate el emividily amelisstiualure edariprisihgper semitondictsrifth dipeset ecverode
material not" covered by said patterned rmasking |ayer to produce a 8ate

el ect rodesulating layav einde@ galed diloatidoritisnasef PR nSalg FMSANEUFAL 18T ned
e condtetandiRa? i Bl L0 w6 aRas REelaR bicn &3¢ SRR Bver 20 then
renmovi Nghaopigd MAGHQreRer tias kb Dedthayer. 31. The nethod as in claim 30,
further conprisihgTorm ng spacers on sidewalls of said gate el ectrode and
epitaxial |y @roignga agéter thestrotie] materialx pyse dsaipogeteondieselrisai andoaride and
drain acste%\fc:eonrdﬁgtgpﬁr?,'sa%lsgate electrode material having a non-planar top surface;
introducing dopant impurities into said gate electrode material;
after said introducing, annealing to activate said dopant impurities in said gate
electrode material; '
planarizing said top surface to form a planarized top surface;
forming a patterned masking layer over said gate electrode materiél;
etching portions of said géte electrode material not covered by said patterned
masking layer to produce a gate electrode that traverses said semiconductor fin; |
with said patterned masking layer in place, infroducing dopant impurities into said
semiconductor fin to form source and drain active regions therein; and
then removing said patterned masking layer.
31.  The method as in claim 30, further comprising forming spacers on
Sidewalls of said gate electrode and epitaxially growing a further film on exposed '

portions of said source and drain active regions.
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